Brown Heart (BH) is an internal disorder which is visible only when fruit are cut open. The aim of this work was to test whether time-resolved reflectance spectroscopy (TRS) can be used to detect BH in intact 'Braeburn' apples stored for 3 and 6 months in BH inducing (1% O 2 + 5% CO 2 ) and not-inducing (2.5% O 2 + 0.7% CO 2 ) conditions. At each storage time, at d0 and d14 of shelf life at 18°C, thirty apples were measured by TRS at 670 nm and in the spectral range 740-1100 nm on four points (A-D) around the equator. Afterwards, each fruit was cut open and evaluated for BH (position and severity), firmness, intercellular space volume (RISV), and pulp colour (in correspondence of TRS points). Fruit affected by BH showed significantly higher μ a in the 740-900 nm spectral range than healthy ones, with the highest difference recorded at 740 nm. The μ a 740 and a* increased and L* and H° decreased in fruit with moderate and severe BH and when BH was localized in the pulp. In parallel, RISV showed the lowest percentage in healthy apples and the highest when cavities were associated to browning. High correlations were found between μ a 740 and pulp L*, a* and H°; considering the correlation with L*, at μ a 740<0.038 cm 1 only healthy pulp can be detected, while at μ a 740>0.08 cm 1 only severely browned pulp can be found.
Introduction
The storage quality of 'Braeburn' apples is limited by the development of brown heart (BH) within the fruit flesh. The symptoms of BH include browning of the flesh and formation of cavities. Initially browning areas tend to be concentrated in the calyx end of the fruit and in the midcortex, and in severely affected fruit they are visible throughout the cortical tissues. Cavities may be present within the brown tissue regions of either the core or cortical areas of the fruit, being generally dry when cut, and presumably forming when the brown tissues become dehydrated [1] .
BH is a CO 2 -related injury: its incidence is associated with high CO 2 and can be aggravated by depressed O 2 partial pressure in the storage room [1, 2] . However, the development of this disorder also depends on a range of pre-harvest factors; the incidence of BH was higher in late-harvested than in earlyfruit and in fruit on light than on heavily cropping trees [2, 3] . Delayed controlled atmosphere (CA) storage (21 days at 1°C in air before CA storage) resulted in a very low incidence of BH compared to fruit subjected to rapid CA [4] .
The susceptibility of 'Braeburn' apples to BH is related to their structural characteristics, as they have a relative dense and firm tissue, poor flesh gas diffusivity and low skin gas permeance [5] [6] [7] .
The unpleasant nature of BH is not acceptable to consumers and causes economic losses. Unfortunately, external symptoms are not evident. Consequently, a reliable non-destructive method for on-line detecting and segregating damaged from healthy fruit would be readily accepted by large cooperatives and commercial packing-houses.
Time-resolved reflectance spectroscopy (TRS) provides a complete optical characterization of diffusive media with the simultaneous non-invasive measurement of the optical properties of absorption and scattering. TRS is based on the measurement of the temporal delay and the broadening experienced by a short laser pulse (pulse duration in the order of 100 ps) while travelling through a turbid medium [8]. By using an appropriate theoretical model of light penetration for the analysis of photon time distribution, it is possible to simultaneously estimate the absorption coefficient (μ a ) and the reduced scattering coefficient (μ' s ). Light penetration achieved by TRS in most fruit and vegetables can be as great as 1-2 cm, depending on the optical properties [9] . Hence, TRS provides information on the internal properties of the medium and is not significantly affected by surface features [10] .
Previous studies have shown that TRS is able to detect BH in pears, as well as internal browning, watercore and mealiness in apples and chilling injury in nectarines. The presence of BH in 'Conference' pears caused an increase in μ a from 710 to 850 nm, with sound tissue having μ a 720 0.04 cm 1 [11] . Similarly, in 'Granny Smith' apples, μ a 750 made it possible to distinguish healthy from browned fruit, as the former showed values 0.030 cm 1 and the latter μ a 750 0.033 cm 1 [12] . In agreement with what was found in apples, Lurie et al. [13] observed an increase in μ a 780 with the development of bleeding and browning in the pulp of cold stored nectarines. Other internal disorders, such as watercore and mealiness, were related to both μ a and μ' s . In 'Fuji' apples affected by watercore, healthy pulp was characterized by lower μa790 and higher μ' s 790 than zones affected by watercore [12] . In mealy apples, mealiness increased with increasing μ' s 750 and μ' s 780 in Jonagold apples [14] and increasing μ' s 790 and μ' s 912 and decreasing μ a 912 in 'Braeburn' apples [12] .
In the present work, the optical properties measured by TRS were evaluated in order to test whether TRS can be used to detect BH in intact 'Braeburn' apples.
Materials and Methods
'Braeburn' apples, picked at commercial harvest in Belgium, were stored at 1°C in two controlled atmospheres: 1% O 2 + 5% CO 2 (BH inducing condition, BH storage) and 2.5% O 2 + 0.7% CO 2 with a 3 week delay of CA to prevent browning (low risk for BH, OPT storage).
After 3 and 6 months of storage, at arrival in the laboratories of Politecnico and of CRA-IAA in Milan, sixty apples/storage were measured by TRS at 670 nm and in the spectral range 740-1100 nm on four equidistant points (A-D) around the equator (the largest transverse circumference); after ranking on the basis of decreasing μ a 670 (increasing maturity), fruit were divided into two samples, correspondent to day 0 and day 14 of shelf life at 18°C (30 fruits/treatment). At day14 apples were measured by TRS in the same spectral range and points as at day0.
After the TRS measurements, apples were cut open equatorially; the equatorial section of each fruit was photographed, and the presence and position of disorders (browning, cavity) in the pulp tissue were recorded. Browned fruit were divided into: brown core (BC) when internal browning affected only the core and the flesh was healthy, 'brown pulp' (BP) when the disorder affected either only the pulp or both the pulp and the core, 'browning alone' (BA) when there was only browning without cavity and 'browning plus cavity' (BCV) for browning with cavities. Furthermore, internal browning was scored according to its severity as: 1=healthy, 2=very slight, 3=slight, 4=moderate and 5=severe. A severity index was computed by multiplying the number of fruits in each class by the score of the class, and dividing their sum by the maximum possible score (as if all fruit had score 5).
All fruit were measured for pulp colour (L*, a*, b*, C* and H°, spectrophotometer CM-2600d, Minolta Co., Japan) at a distance of 18 mm from the skin in correspondence of A-D points of TRS measurements. Fruits were also analyzed for flesh firmness (11 mm diameter plunger mounted on an Instron UTM, crosshead speed 480 mm/min) and intercellular space volume (RISV, [15] ).
TRS measurements were performed in the spectral range 670-1100 nm with a broadband setup employing a white light laser (SC450, Fianium, UK) for generation of light pulses (10ps duration, 40MHz repetition rate, 1mW/nm average power), a watercooled double microchannel plate photomultiplier (R1564U, Hamamatsu, Japan), and a time correlated single-photon counting board (SPC-130, Becker & Hickl, Berlin, Germany). The temporal resolution of the overall system, calculated as the FWHM of the instrumental response function, is less than 90 ps. Details on the setup can be found in D'Andrea et al. [16] .
The average of all points/fruit were computed before submitting optical and colour data to statistical analyses. Firmness and RISV data were submitted to multifactor ANOVA (PROC GLM, SAS/STAT, SAS Institute Inc., Cary, NC, 1999) considering storage atmosphere, storage time and day of shelf life as sources of variation (means compared by Tukey s test at P 0.05%). Data of TRS and pulp colour measurements and of RISV and firmness were submitted to ANOVA considering either the position or the severity score of the internal disorder, and its association with cavities as factor (means compared by Bonferroni s test at P 0.05%). Correlations between optical and colour data were studied on selected fruit using the PROC CORR procedure.
Results and Discussion

Incidence of storage disorders
As expected, internal browning and cavities were already present after 3 months in BH storage, while in OPT storage no disorder was found ( Table 1 ). After 6 months and at the end of shelf life, in BH storage there was the highest incidence of browning (90%) and cavities (42%), while in OPT storage the browning incidence was 55% and the cavity ones 7%. Browning was localized mainly in the core region in both atmospheres; the incidence of BP increased with increasing shelf life time, mainly in BH storage after 3 months and in OPT storage after 6 months ( Table 1 ). The browning Severity Index was always higher in BH stored apples than in OPT stored ones, showing the highest values in BH stored apples after 6 months' storage and the lowest in OPT stored fruit after 3 months (all fruit were healthy) ( Table 1 ). The Severity Index increased with shelf life in BH stored apples after 3 months' storage and in the OPT stored after 6 months, whereas it did not change in BH stored apples after 6 months' storage. 
TRS absorption spectra and pulp colour
The absorption spectra ( Figure 1 ) showed a maximum at 670 nm (chlorophyll-a) and one at 980 nm (water).
On average, fruit affected by internal browning showed significantly higher μ a in the 740-900 nm spectral range with respect to those of healthy ones, similarly to what found in a research on the detection of BH in The difference between the spectra of browned and healthy fruit (B H in Figure 1 ) showed the highest values at 740 nm; so, the μ a 740 was selected to distinguish browning position (BP and BC) and fruit with different browning severity. On average, browned fruit showed lower L* and H° and higher a* values than the healthy ones.
The μ a 740 increased with the development of browning, with healthy fruits showing the lowest and BP ones the highest values.
Considering the pulp colour, BP fruit had the lowest L* and H°, and the highest a*, b* and C* ( Table  2) . If cavities were also present, μ a 740 and a* were higher, and H° and L* lower with respect to only browning (Table 2) . Moreover, μ a 740 increased with the increase of browning severity, even if this increase was significant only in fruit with moderate and severe browning compared with the healthy ones (Table 3 ). There was no difference in μ a 740 between pulp without browning and pulp affected by very slight and slight browning. Also pulp colour parameters reflected this scenario: L*, a*, b*, C* and H° values were similar in healthy fruit and in very slight and slightly browned apples, while L* and H° significantly decreased and a* significantly increased in fruit with moderate and severe browning ( Table  3 ). 
Firmness and RISV
On average, firmness was higher in BH storage than in the OPT ones, both at d0 and d14 of shelf life, and decreased during shelf life for both the storages, but it did not show any changes with respect to browning score, browning position and cavities (data not shown). RISV had the lowest value after 3 months of BH storage at d0 of shelf life, reflecting a more compact cellular structure of the pulp, which has been linked to low gas diffusivity and high susceptibility of the flesh to tissue browning [5] . RISV increased with shelf life in both atmospheres as a consequence of fruit softening (Figure 2 -left) [5, 7] .
RISV had the lowest percentage in healthy apples and the highest in browned fruit scored as moderate and severe, in BP fruit and when cavities were associated to browning (Figure 2 -right 
TRS measurement point and actual detection of internal browning
From the described results, we can underline that the absorption coefficient measured at 740 nm is able to segregate healthy fruit from those having moderate and severe browning. However, if we compare the TRS absorption values at each point of measurement around the fruit and the characteristics of the pulp, various scenarios can be found (Figure 3 ). If the defect does not involve all the pulp (Figure 3, right) , or it is localized around the pith (Figure 3, left) , the μ a 740 value measured at each point give us a diverse disorder pattern with respect to the actual fruit classification. In fact, if we compare the μ a 740 values measured at each point with the average μ a 740 values found for each browning score reported in Table 3 , in the case of Figure 3 , left, the μ a 740 mean value indicated a healthy fruit, but actually the fruit was affected by a BC scored 4. This misclassification was due to the fact that the μ a 740 value in the three points A, B and C indicated an healthy pulp and at point D only a slight browning: probably TRS was not able to detect the disorder as its depth was greater than 2 cm. In Figure 3 , right, a case of BP scored 5 is shown. The μ a 740 mean value indicated not a severe browning, but a moderate ones, owing to the measure at point B which was done in correspondence with a portion of healthy pulp, and those at points A and C, whose values suggested a moderate browning.
For this reason in order to study the correlations between μ a 740 and pulp colour parameters, we chose for each fruit only the measurement points in which TRS analysis was carried out in correspondence of the defect. As for the healthy pulp, the ten chosen fruits were selected in such a way to cover the whole range of μ a 740 of the healthy apples, and a single measure point/healthy fruit was considered. High correlations were found between μ a 740 and L* (r= 0.95), a* (r=0.88) and H° (r= 0.88). The correlation between μ a 740 and pulp L* (Figure 4 ) showed that μ a 740 values below 0.038 cm 1 indicate only healthy pulp, whereas for μ a 740>0.08 cm 1 only severely browned pulp can be found. 
Conclusion
The absorption coefficient measured at 740 nm was able to segregate healthy fruit from those having moderate and severe browning. However, when browning affects only the region near the pith, TRS was not able to detect the disorder due to its depth, which was greater than 2 cm. Furthermore, when internal browning involved only part of the pulp, the four equidistant measurement points used in this research were not enough to make certain the detection of the disorder.
